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AN INVESTIGATION OF THE ERRORS IN COOLING CURVES 

AND METHODS FOR AVOIDING THESE ERRORS; 

ALSO A NEW FORM OF CRUCIBLE. 

By Harvey C. Hayes. 
Presented by John Trowbridge, February 8, 1911. Received December 29, 1910. 

Two main difficulties are encountered by one who attempts to make 
an accurate study of the physical properties of alloys. The first diffi- 
culty is the preparation of an alloy which shall contain only the desired 
elements in its make-up. Foreign elements may enter the alloy through 
lack of purity in the component metals (and the difficulty of getting 
chemically pure metals is never appreciated until one has attempted 
it), also impurities are almost sure to get into the alloy from the 
crucible. The chemist can, with sufficient pains, prepare pure samples 
of nearly all the metals ; but thus far science has not produced a 
crucible that will keep them pure while melting them into an alloy. 
Impurities from this source have been a hindrance to the study of 
alloys, especially a study of their magnetic properties, and have been 
a cause for more or less error in the work that has thus far been done. 

Roberts-Austen, in his classic experiment, showed that solids diffuse, 
even at comparatively low temperatures. This makes doubtful the 
possibility of finding a crucible that will not diffuse somewhat into 
the alloy at such a temperature as the melting point of most metals. 
One solid that does not seem to diffuse into metals, and apparently 
the only one that does not, is quicklime. A block of lime with a hol- 
low scooped out ofttimes serves the chemist for a crucible, for all that 
he requires of a crucible is that it shall hold together long enough to 
melt a small portion of metal and then slowly cool. But for the study 
of alloys such a crucible will not suffice, as it is often necessary to chill 
the melt. A block of lime will not stand such treatment ; and even if 
it would, the lime is so poor a conductor of heat that it would be im- 
possible to chill an alloy through the comparatively thick walls of such 
a crucible. 
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The crucible. — The ideal crucible for work on alloys would be one 
made from thin metal, if we could find some metal that would not 
diffuse, for we could then readily study the effects of chilling, as the 
crucible would be a good heat conductor. But since all metals diffuse, 
even in the solid state, we cannot hope for such a crucible. The best 
substitute would be one made from thin metal and lined with a thin 
coating of lime. 

The need for such a crucible has been felt by all who have attempted 
to make anything like an accurate study of alloys, and attempts have 
been made to perfect one, but until now without success. The author 
has finally succeeded in lining a steel crucible with a thin coating of 
lime. These linings are fairly durable so long as they are kept free 
from moisture, but if left in a damp place the lime slacks and cracks 
off. With a lining two tenths of a millimeter in thickness I have made 
seventeen melts, each time chilling in an ice-bath, and at the end of 
this time the lining was almost intact. 

These linings are made from a mixture of finely powdered quick- 
lime and calcium nitrate, about four parts by weight of the lime to one 
by weight of the nitrate. Care must be taken that the powders are 
thoroughly mixed. Such a mixture fuses to solid lime when sufficient 
heat is applied to drive off all the nitric acid. 

This last fact is not new. It is often made use of in the chemical 
department of Harvard University for preparing small boat- shaped 
crucibles suitable for melting small portions of metal. But one meets 
with considerable difficulty in keeping the powder in place on the steep 
sides of the crucible while it is being fused. 

The method finally employed is to use a cylindrical-shaped crucible. 
This is clamped, open end outward, in the chuck of a high-speed lathe 
and then set spinning. The mixed powder is then carefully blown 
inside the crucible where the centrifugal force holds it firmly on the 
sides in the form of an even coating. The spinning crucible is then 
heated with a blast lamp until all the acid is driven off. It is then 
removed from the lathe, set in an upright position, and the bottom 
sprinkled with a coating of the powder. This is finally fused on, the 
force of gravity keeping the powder in place. 

By this method it is possible to give the crucible a very even coating 
of almost any desired thickness, though the first attempts are usually 
discouraging. I have found it possible to chill an alloy very satisfac- 
torily through these thin linings. 

For work on weakly magnetic alloys, especially for such as fuse above 
eight hundred degrees centigrade, a factor of safety is added by using 
for the crucible some weakly magnetic metal such as platinum, as traces 
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of the crucible might diffuse through the thin porous linings : but 
with linings two millimeters or more in thickness there can be little 
or no danger from this source. 

The perfection of this crucible now makes it possible to prepare an 
alloy of definite constitution, and this removes one of the main diffi- 
culties in the study of alloys. 

Investigation of the Errors in Cooling Curves. 

More information concerning an alloy can be had from its cooling 
curve than from any other one source, providing the cooling curve is 
accurate ; and more information can be had from the temperature-time 
curve than from any other of the various forms. The difficulty of get- 
ting such curves is not great providing the cooling is slow ; but when 
one attempts to take a curve for rapid cooling or chilling numerous 
difficulties arise. The remainder of this paper is devoted to a con- 
sideration of these difficulties, the errors that as a result have crept 
into some of the work on metals, and methods for overcoming these 
difficulties. 

The errors. — The difficulties that arise when one attempts to take 
a cooling curve where the cooling is rapid, and the errors that arise 
therefrom, are due to temperature lag and lag in the galvanometer. 
Temperature lag takes place through the protection tube, through 
imperfect contact between the tube and the enclosed thermo-couple, 
and finally through the couple itself. Lag in the galvanometer is a 
function of the period of this instrument, probably nearly proportional 
to the period. This lag, which for simplicity will be called the elec- 
trical lag, can be almost entirely eliminated by using an Einthoven 
form of galvanometer (a fine conducting filament suspended in a strong 
magnetic field), for here the inertia of the moving parts is reduced to 
a minimum, and the period can be made very short without great loss 
of sensitiveness. By thus eliminating the electrical lag, I have been 
able to study the temperature lag in its various phases. The work has 
been carried out in much the following order : 

a. Lag due to all three causes, — tube lag, contact lag, and lag in 
the j unction. 

b. Contact lag and lag in the junction. 

c. Lag in the junction itself. 

Method. — The apparatus used in this work, which is described in 
detail farther on, consisted essentially of an Einthoven galvanometer 
with a commutator arrangement, such that this instrument could be 
thrown in series with either of two thermo-couples. These couples 
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were made of copper against constantan, and were so arranged that one 
gave the temperature just outside the protection tube, while the other 
gave the temperature from the inside after the usual manner. 

Arrangement of thermo-couples. — The arrangement of these junc- 
tions was as follows : A cylindrical copper block five inches long and 
three inches in diameter had two holes, each three inches deep, drilled 
symmetrically in one end. A constantan wire was fused to the bottom 
of one hole, thus forming a junction with the copper block as one ele- 
ment. This couple gave at all times the temperature of that portion 
of the block which formed the bottom of the hole. Moreover, since the 
two holes were symmetrically placed and the cooling was made symmet- 
rical, this junction gave the temperature at the bottom of the other 
hole. 

In this second hole an ordinary protection tube was placed with 
a copper-constantan junction inside. The protection tube was sur- 
rounded with a thin film of lead, so that the tube experienced the same 
external conditions that are met with in taking the cooling curve of a 
molten metal or alloy. A protection tube open at the end was placed 
in the hole first mentioned, so that the heat capacity of the two holes 
should be the same. 

Because of its short period — less than one fiftieth of a second — it 
was possible to alternate the galvanometer rapidly between the two 
thermo-couples. For most work, however, an alternation of about once 
a second was found satisfactory. 

The cold junction of each couple was kept at the temperature of 
melting ice, so the deflection of the fiber in the galvanometer was 
always proportional to the temperature of the hot junction of the 
couple with which it was in series. This deflection was photographed 
on a sensitive film which was rotated on the drum of a chronograph. 
In this way it was possible to photograph on the same film the two 
curves, one giving the temperature just outside the protection tube, 
and the other giving the temperature inside the tube, according to the 
usual manner. These curves were traced by a succession of fine dots, 
but the alternations were so rapid that in the case of slow cooling the 
curves appear as an unbroken line. These curves had millivolts for 
ordinates and time for abscissae, and the apparatus was so arranged 
that these coordinates were photographed on the film. The difference 
in height between the two curves at any instant was evidently a meas- 
ure of the temperature lag due to all three causes, — tube lag, contact 
lag, and lag in the junction ; but thus far there was nothing to indi- 
cate what part of this lag was due to each of the three causes. 

The curves of the annexed plates, reproduced from the actual photo- 
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graphs, show this lag for both quartz and porcelain protection tubes 
for different rates of cooling. These curves are reduced to one fifth 
the original size. The highest temperature in each case was about 550 
degrees centigrade. 

Similarity of the thermo-couples and calibration, — Curve 1, Plate 1, 
which traverses the sheet four times, due to four revolutions of the 
drum, was taken at a very slow rate of cooling, the time of exposure 
being about four hours. In place of the ordinary protection tube closed 
at the end, the tube used in this case was open at the lower end except 
for a thin film of mica. Here the temperature lag between the two 
junctions must have been practically zero, because of the slow rate of 
cooling and because of the thinness of the film separating them. The 
curve, which is in reality double, shows that the two couples were 
practically identical throughout the temperature range covered. 

A calibration curve for one of these couples was obtained by taking 
the melting points of pure tin, lead, zinc, and aluminum, also the 
boiling point of water. These results are given in Table I. 

TABLE I. 

Temperature. Millivolts Millivolts 

Deg. Centigrade. (obs.). (calc). 

Boiling water 100 3.85 3.85 

Melting tin 232 9.70 9.65 

Melting lead 327 14.15 14.19 

Melting zinc 419 19.40 19.34 

Melting aluminum 657 33.70 33.70 

The third column, marked Millivolts (calc), was obtained by apply- 
ing the well-known formula connecting temperature and electromotive 
force, 

E = ae -f be 2 . 

Here E is the e. m. f. in millivolts and e is in degrees centigrade. 
Substituting in this equation the values of E and e, as found for boiling 
water and melting Al, the values of a and b were found to be 0.0362 
and 0.0000229 respectively ; and since the variation between the ob- 
served and calculated results lies within the limit of error, the curve 

E= 0.03628 + 0.0000229 6 2 

has been taken as the calibration curve for the two junctions. 

Referring to this formula, it is comparatively easy to find the differ- 
ence in temperature between the two junctions at any instant during 
the cooling. Let E x be the e. m. f. of the junction within the protection 
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tube, and Gx be the temperature of that junction. Let E 2 and e 2 be 
the e. m. f. and temperature respectively of the other junction at the 
same instant. Then 



( 9l - 2 ) = ( VifeBi + a 2 - V±b£ 2 + a 2 )/2 b, 

the maximum temperature lag through quartz and porcelain protection 
tubes for different rates of cooling, is given in Table II. This is 
computed from the curves of the accompanying plate (Plates 1 to 6). 

TABLE II. 



Quartz. Porcelain. 

Data of -r Data of r Time Coordinates. 

Curve No. g * Curve No. g# One Division equals 

2 Plate 1 13 deg. 2a Plate 2 49 deg. 30 sec. 

3 Plate 2 45 " 3a Plate 2 118 " 15 " 

4 Plate 3 80 " 4a Plate 3 190 " 10 " 

5 Plate 3 179 " 5a Plate 4 355 " 5 " 

6 Plate 4 270 " 6a Plate 4 480 " 3 " 

No simple relation between the two curves. — These results show that 
the error in the cooling curve as usually taken (i. e. by means of a 
thermo-couple placed inside a protection tube) is large, especially if the 
rate of cooling is at all large. The question then arises : Is it possible 
to find a relation between the correct curve and the incorrect curve 
such that the correct curve can be obtained from the incorrect one, 
i. e. from the curve taken. Curve 8 (Plate 5) enables us to answer 
this question. 

In taking this curve, time coordinates of which were three seconds 
for one space, the copper block was first dipped for an instant to a 
depth of two inches in ice-water, then removed, then redipped, then 
removed, etc. The lower line, which is very irregular, as we should 
expect, is the correct cooling curve. The upper one is the curve ob- 
tained by the ordinary method, a junction inside a protection tube. 
The relation between the two curves is far from simple, and any for- 
mula giving this relation must needs be complicated. Thus far no 
formula has been found. 

Incorrect curve may give correct temperature of transformation. — 
Much of the information, however, that comes from a cooling curve can 
be had from a curve that is not absolutely correct ; for this information 
comes from the irregularities of the curve, not from the regular parts. 
In general, any change in the constitution of a metal is accompanied 
by a liberation or absorption of heat, thereby causing a kink in the 
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cooling curve. How erroneous can the cooling curve be and still give 
the temperature of transformation with considerable accuracy ? 

For simplicity, let us take the case of finding the melting point of a 
pure metal. In this case the cooling curve for that portion of time in 
which transformation takes place is a straight line parallel to the time 
axis. In Figure 1 let the line abc'd represent the true cooling curve, 
while line abc represents the cooling curve if no transformation takes 




place. Let the line aVc'd! represent the cooling curve given by the 
couple inside the protection tube, and the line ab'e the corresponding 
curve if no transformation takes place. Then the temperature lag at the 
beginning of transformation is e 2 — e 3 , and the corresponding time lag 
is fa — fa. The time through which transformation takes place is 
t — fa, while e x — e is the number of degrees through which the melt 
would cool if no transformation takes place. 
It will be seen that 

e 2 — 0x = -T7=r • J (fa — fa), 

ldo 
if we assume that —^ is the averate rate of cooling during the period 

required for e to drop to the temperature of transformation, and that 

dB 

-p£ is the rate of cooling at the beginning of transformation. Also, 

M(e 1 -e )S = ML, 

where M is the mass in grams of the melt, 8 is the average specific 
heat, and L is the latent heat of melting. But 
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Gl ~ e ° = ^' r 

do 

approximately, where -— is the actual rate of cooling at the beginning 

of transformation. Therefore 

For safety, 

2 (h - *,) < r, 

otherwise the irregularity in e 2 will lie wholly above the temperature 
of transformation. 
Therefore, for safety, 

de 2 
^de x e 2 — e x ^ _ ^ ^ _ L dT 

dT dT 

dQ dQ 

For slow cooling -^~ = -7— approximately. Then 

For rapid cooling -j— > •-— throughout most of the temperature 

range covered, and our formula becomes 

L 

e 2 - o x « -=:, 

P 
which is meaningless. 

For slow cooling, then, the cooling curve will give us the correct 
temperature of the melting point, providing the temperature lag is less 
than the ratio between the latent heat of melting and the average 
specific heat of the metal during the transformation. This value for 
the specific heat is about equal to the average between the specific 
heats corresponding to the liquid and solid states, and therefore in 
general more than the specific heat of the solid. This ratio always 
gives a fairly large value for e 2 — e^ so we may be fairly sure of 
obtaining the correct temperature of melting, even though the temper- 
ature lag is considerable. 

In general an incorrect curve gives incorrect data. — However, in 
the case of many transformations, such as a change of allotropy, the 
latent heat of transformation is small, so the ratio L/8 is small, and 
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the value of 2 — ©1 must be small if the transformation temperature 
is to be given with accuracy. This requires that the cooling curve 
must be nearly correct. Yet Curve 3 shows that for comparatively 
slow cooling the temperature lag is 45 degrees for quartz protection 
tubes, and much more for porcelain tubes. The conclusion follows that 
the ordinary method for taking cooling curves fails to give with 
accuracy the temperature of such transformations as involve slight 
absorption or evolution of heat. 

Ordinary method of correcting for temperature lag. — This error due 
to temperature lag has been long recognized, and the following method 
employed to correct it. Both a cooling and a heating curve is taken. 
The cooling curve gives a temperature above, while the heating curve 
gives a temperature below the temperature of transformation. Assum- 
ing that the rate of change of temperature is constant, and that the lag 
is proportional to the rate of change of temperature, then the correct 
temperature can be obtained as follows : 

Let C be the transformation temperature given by the cooling curve, 



a 
b 
k 
e 



rate of cooling, assumed uniform, 

" heating, 
temperature lag for unit rate of cooling, 
correct temperature of transformation. 



heating 



Then 



e c = e + Jca 
e h = e — kb 



a 
'V 



Therefore 



e = 



a + b 



e c + 



a -H b 



This method erroneous. — The value of this formula depends upon 
the correctness of the two assumptions upon which it is based. The 
rate of change of temperature can be regarded as fairly constant over 
a considerable period of time when the cooling is slow. The accuracy 
of the second assumption — that the temperature lag is proportional 
to the rate of change of temperature — can be tested by the aid of 
Curves 1' and 2 (Plate l), for we can readily find the temperature lag 
at any time, and also the rate of cooling, and hence the value for k. 
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On each of these two curves three points were chosen, and the value 

do 
of e 2 — 0i, j?py and k computed with the following results (Table III) : 

TABLE III. 
Curve 1', Plate 1. 

Point. ® 2 — ®i« -JTj,' ** Difference. 



1 5.25 degrees 0.373 13.9 

2 3.06 " 0.201 15.2 

3 2.12 " 0.128 16.8 



1.3 
1.6 



Curve 2, Plate 1. 

1 11.2 degrees 0.622 18.0 - - 

2 8.34 " 0.422 19.7 ' 

3 5.88 u 0.268 21.6 

These results show that the lag is not proportional to the rate of 
cooling, but that the value of k increases as the value of de/dT 
decreases, and that this change in k is nearly linear. This increase in 
the value of k cannot be accounted for by the fact that the rate of 
cooling to the point at which the value of k was computed had not 
been constant but had been decreasing, so that in each case the lag was 
more than it would have been had the rate of cooling been constant 
and of the value at the point in question. The lag would be greater 
in proportion for the higher points as the decrease in the rate of cooling 
is greater for the portion of the curves before those points. 

The true cause for this variation in the value for k does not concern 
us here. The fact is that the second assumption is not correct, and, 
unless the heating and cooling curves have the same slope, the formula 
does not give the correct value for e. Moreover, a comparison of the 
results obtained from Curves 1' and 2 shows that even under these last 
named conditions the formula is not trustworthy. Curve l' gives a lag 
of 5.25 degrees centigrade for a rate of cooling of 0.373 degrees per 
second, while Curve 2 gives a lag of 5.88 degrees centigrade for a rate 
of cooling of only 0.268 degrees per second. 

Contact lag is variable. — These curves were taken with the same 
quartz protection tube and the same thermo-couples, and the discrep- 
ancy is not due to variation in the thermo-couples, as they were tested 
after each curve and found to have remained constant. The variation 
was apparently due to change in the contact lag, and this variation is 



HAYES. — ERRORS IN COOLING CURVES. 



13 




liable to occur between any two curves, as, for instance, between the 
heating and cooling curves used in determining e. 

If so much variation can be due to change in the contact lag, it 
would seem that this lag must be great, perhaps furnishing a large 
part of the entire lag. A consideration of the ordinary form of thermo- 
j unction should lead one to suspect this, even though the results ob- 
tained from Curves 1/ and 2 had not disclosed the fact. 

The two elements forming the couple are usually fused together in 
the form of a bead nearly spherical in shape. Under the most favor- 
able conditions this bead rests on the bottom of 
the protection tube, though ofttimes it takes a 
position as shown in Figure 2. In either case the 
contact between the tube and bead is imperfect. 
In the first case we have a point, or, at most, a 
very small surface of contact, and in the second 
case no contact at all. In the first case the junc- 
tion can lose its heat by conduction and radiation, 
though mostly by radiation; and in the second 
case its heat must leave wholly by radiation. In 
either case it would seem that the contact lag must 
be large, and that it would vary with the position 
of the junction in the tube. 

Contact lag is great. — To test out the lag due to imperfect contact 
between tube and junction, a protection tube open at the bottom was 
used. This allowed the bead of the junction to rest directly on the 
copper. Here the lag was due to imperfect contact and lag in the 
couple itself. The lag in the couple was very small, as the material 
of the couple was a good heat conductor, and because the heat capacity 
of the couple was small. Several curves were taken with this arrange- 
ment of the couples, and in each case the lag was nearly as great as 
that given by the ordinary arrangement with the same rate of cooling. 
Curve 10, Plate 5, is a typical example. Here the rate of cooling was 
the same as that employed in Curves 4 and 4 a . 

It is to be noticed that the lag is nearly as great as that registered 
in Curve 4. This lag is not all due to imperfect contact and lag in 
the junction, for a thin film of oxide always formed on the surface of 
the copper, even when the surface was polished before the experiment ; 
and this oxide is a poor heat conductor. However, the experiment 
gives conclusive proof that the contact lag is great. 

Means for reducing this lag. — The only way to reduce this lag is to 
use a different form of junction. The lag can be materially reduced 
by pounding the bead down to a thin sheet and fitting it to the bottom 
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of the tube ; but even then the contact lag forms a large part of the total 
lag. A much better form of couple is one in which the tube forms one 
element, with the other element fused to the inside bottom of this tube. 

Such a couple has been patented by C. B. Thwing, and is made by- 
James G. Biddle, Philadelphia. This form of junction, as marketed, 
has the outer element and tube made thick and heavy, in order to pro- 
long the life of the junction which comes in direct contact with the 
molten metal. The junction is useless for accurate work on alloys, as 
it contaminates the melt ; but the form of the junction is correct since 
the tube lag is made small, the tube being a good heat conductor, and 
the contact lag is entirely eliminated. 

Improved form of thermo-couple. — The author makes use of a couple 
of this form, but places a thin coating of lime on the outside of the 
tube to avoid contamination. The metal tube which forms one element 
of the junction is made very thin, thus reducing the lag in the couple 
itself. The tubes are deposited electrolytically on a wax form; the 
wire leading from the tube, and the second element leading from the 
bottom of the tube, having been placed in position on the wax form. 
These wires are thus sealed to the tube by the process of deposition. 
In this manner the couples can be made nearly any desired size. 

The temperature lag in these junctions is reduced to a minimum. 
The lime coating can be made very thin, thus causing little lag through 
the protection tube. The contact lag is small and constant, since the 
whole surface of the couple is in close contact with the lime coating. 
Finally the lag in the junction itself is nearly zero, as the heat capacity 
of the j unction is nearly zero. 

Comparison of old and improved form. — Curve 11, Plate 5, really 
two separate curves on the same sheet, gives a comparison of the lag 
due to the two junctions. The curve on the left was taken under the 
most favorable conditions applicable to the ordinary method. The 
protection tube was made of thin quartz, and the j unction rested on 
the bottom of the tube. The curve on the right shows the correspond- 
ing lag when the tube-form of couple is used. Here the apparent lag 
is more than the actual lag, as the tube couple gave a higher e. m. f. 
than the couple of which the copper block formed one element. The 
rate of cooling was the same for both curves, and was obtained by 
immersing the copper block in oil. 

In all the curves taken, the protection tube was surrounded with a 
thin film of 4ead ; yet the cooling curves, except faintly in Curve 1', 
give no indication of the freezing point of the lead. This point, how- 
ever, is plainly shown in the cooling curve taken with the tube-form of 
couple, even though the rate of cooling was high. 
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The fact that the heat liberated by the freezing lead causes no irregu- 
larity in the cooling curves taken by the ordinary method, leads one to 
believe that not only does that method fail to give the temperature of 
transformation with accuracy, but it may fail to give any indication of 
the existence of a transformation. On the other hand the possibilities 
of the tube-form of couple are great. These possibilities are not fully 
shown by Curve 11, as the junction was fairly heavy and the lime 




Fig. 3. 

coating much thicker than necessary. With a refined couple this lag 
can be greatly reduced. 

The cooling employed in taking Curve 11 was about the same that 
is employed in the oil-tempering of steel. At this rate of cooling a 
refined couple would give very little lag, and should give curves suf- 
ficiently accurate to throw considerable light on the processes of chil- 
ling and tempering. 

Against the correcting for temperature lag by means of heating curve. 
— A study of alloys in the light of Gibb's " Phase Rule " leads one 
to believe that their characteristics depend greatly on their past his- 
tory. Having prepared an alloy, it is doubtful if its properties will be 
the same after it has been remelted. It is then highly desirable that 
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the cooling curve be correct as first taken. The usual method requires 
the taking of the heating curve, i. e. the remelting of the alloy, in 
order that we may apply an incorrect formula to give us the tempera- 
ture of such transformations as are registered on these insensitive 
curves. This method is cumbersome and, unless the rate of cooling is 
very slow, is inaccurate. And when we have taken the heating and 
cooling curves and found the so-called temperature of transformation, 
it is a question as to what alloy the data belongs. 

The tube-form of couple makes it possible to take an accurate cool- 
ing curve for slow rates of cooling, and even such rates as are employed 




Fig. 4. 



in tempering can be taken with a fair degree of accuracy. Thus the 
second main difficulty in the study of alloys is largely removed. 

Description of the Apparatus. 

The recording device, — Figures 3 and 4 represent a top and side 
view, respectively, of the recording part of the apparatus. A simplified 
form of Einthoven galvanometer G, in circuit with a thermo-couple, 
gives the difference in temperature between the hot and cold junction. 
An ordinary projecting lantern J throws a beam of light through S 3 
and illuminates the filament /of the galvanometer. By means of the 
lenses I, the light from the filament is focussed on the drum r of a 
chronograph. The screen S carries a narrow slit parallel to the axis 
of the drum, and thus allows only a spot of light to reach the sensitive 
film F which is fastened about the drum. A variation in the tempera- 
ture of the hot junction causes the spot of light to move along the 
drum in a direction parallel to its axis. If such a movement takes 
place while the drum rotates, a curve is photographed on the film, the 
coordinates of which are temperature and time. 
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Placing the time coordinates. — The chronograph is so arranged 
that it can be run with either of two motors 1 or 2 (Figure 4). One- 
tenth horse power A. C. motors are used for this work, as they give to 
the drum a more uniform rotation than the ordinary clockwork arrange- 
ment. Motor 2 is connected to a variable gear, such that the time of 
rotation for the drum can be varied from forty seconds to two hours. 
This motor is used to turn the drum whenever a cooling curve is being 
photographed, the gearing always being so adjusted that the drum 
rotates about once while the cooling takes place. Box T contains an 
arrangement for throwing a periodic flash through Si of the galva- 
nometer. This light finally passes through the slit in the screen and 
gives a fine white line on the film. If the drum rotates uniformly and 
the flashes occur at the end of equal periods of time, and if at the 
same time a curve is traced by the spot of light coming from the fila- 
ment, we should have, upon developing the film, a temperature vs. 
time curve with the time coordinates drawn. 

Placing the e. m. f. coordinates. — By means of the double switch B, 
a potentiometer P can be thrown into circuit with the galvanometer, 
and this instrument can then be made to register millivolts. This 
arrangement makes it possible to place electromotive force coordinates, 
on the film. First rotate the drum with no e. m. f. through the gal- 
vanometer. The spot of light then traces the zero line on the film. 
Then repeat this operation for each millivolt, or whatever increment 
of e. m. f. is desired, until the range of e. m. f. covered by the thermo- 
couple is passed. For this work motor 2 is used, as the gearing here is 
such that the drum rotates about once in ten seconds. 

In order that these coordinates should have the same intensity as 
the curve, the time of exposure should be the same. This causes a 
great loss of time, as the period of rotation for the drum is more than 
one hour when the cooling is slow. This waste of time is avoided by 
widening the slit S while these coordinates are being made. By making 
the slit one millimeter wide, the time required for recording one coordi- 
nate line is about ten seconds. Thus the total time required for add- 
ing the e. m. f. coordinates to one of the curves of this paper is about 
ten minutes. This method for adding the e. m. f. coordinates amounts 
to calibrating the galvanometer for each curve, so that the results are 
largely insured against variation in the galvanometer. 

This recording apparatus is essentially the same as that devised by 
Einthoven and described at length in Annalen der Physik, 1903, Vierte 
Folge, Band 12. It is without doubt the best form thus far devised for 
recording rapio\ cooling, but the expense of the apparatus has tended to 
prohibit its general use. It therefore seems desirable to describe briefly 
vol. xlvii. — 2 
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the simplified form used in this work. Only ordinary ingenuity is re- 
quired for its construction, and the cost is comparatively small. 

The galvanometer. — Figure 5 shows the construction of the galva- 
nometer. The magnetic field is furnished by eight cast-iron ring mag- 
nets, arranged in two sections of four. One section is placed above the 
focussing lenses 1, and the other section directly beneath this. A thin 
brass chamber fitted between the jaws of the compound magnet carries 

the filament, a platinum fiber 
about one ten-thousandths of an 
inch in diameter. These three 
pieces, with some simple device for 
varying the tension on the fiber, 
completes the galvanometer. 

Periodic flashes for giving time 
coordinates. — Figures 6 and 7 
show in some detail the mechan- 
ism employed for giving periodic 
flashes. Two rachet wheels, each 
carrying sixty teeth, are fastened 
rigidly to an axle (Figure 7). A 
double electromagnet m attracts 
the armature a and causes the 
clutch x to turn the axle. Clutch 
y is so adjusted that the rotation 
is allowed to proceed only a dis- 
tance of one tooth. So long as 
the current continues through m 
the axle is held firmly in position ; but whenever this current is broken 
the armature is pulled back by spring s so that clutch x falls behind 
another tooth. Upon making the circuit again, the axle is again ro- 
tated a distance of one tooth. A relay operated by a separate circuit 
is so connected into the circuit which traverses the magnet m, that 
when its armature is back the circuit is made through m. The relay is 
operated by a circuit that is made for an instant once a second, a sec- 
onds pendulum being used for accomplishing this. Thus the circuit m 
is broken for an instant once a second, and the axle, therefore, is 
rotated one division every second. 

A thin aluminium disk twenty centimeters in diameter is clamped 
to the end of the axle by means of a thum-screw. Narrow slits are cut 
radially into the edge of the disc as shown in Figure 7. This disc is 
interposed between a Nernst glower and slit Si of the galvanometer. 
Figure 4. An iron screen i before the glower allows only a narrow 




Fig. s. 
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beam of light to fall upon the disc ; and whenever a slit in the disc 
moves across this beam of light a momentary flash passes into Si. By 
varying the number of slits in the disc, the period between flashes can 
be made nearly any length between one second and one minute. 




Fig. 6. 





Fig. 7. 



Fig. 8. 



The Heating Part of the Apparatus. 

The copper block and thermo-couples, — The heating part of the ap- 
paratus may be briefly described with the aid of Figures 8 and 9. 
Figure 8 represents the cross-section of a copper cylinder five inches 
long and three inches in diameter. Two holes, each three inches deep, 
are symmetrically drilled in the top of the cylinder. These holes have 
a diameter nearly one millimeter greater than the diameter of the pro- 
tection tube to be experimented upon. A protection tube is placed in 
each of the holes in order that the heat capacity may be the same for 
each. One of these tubes is closed at the lower end and the other one 
left open. Within the closed tube an ordinary copper-constantan 
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junction is placed, and a constantan wire is passed through the open 
tube and fused to the copper block. A copper wire w is fused to the 
top of the copper block, and protected from the hot gases of the furnace 
by means of a short porcelain tube. The space between the closed 
tube and the copper block is filled with lead. Thus the closed tube 




Fig. 9. 



experiences the same conditions that are met with in taking an ordinary 
cooling curve for a molten metal or alloy. 

The commutator, — The* commutator arrangement, by means of 
which the two thermo-j unctions are alternately thrown in series with 
the galvanometer, is shown in c, Figure 3. It might be added that 
several curves could be photographed on the film by simply changing 
the form of the commutator. The alternations were about once a 
second throughout this work, but the period of the galvanometer was 
only one fiftieth of a second, and the damping very rapid, so that as 
many as five alternations per second could be made. This means that 
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at least ten such curves could be placed on the same film, and even a 
greater number when the rate of cooling is slow. 

Copper-constantan couples were used throughout this work, princi- 
pally for the reason that it made possible the use of a copper block. 
Several reasons made it desirable to use copper. The copper has no 
transition points in the temperature range covered, so the cooling 
curves would have no irregularities due to such transitions. Copper 
being an excellent heat conductor, the temperature at the bottom of the 
two holes will be nearly the same, even if there are some slight irregu- 
larities in the cooling at the surface. Copper and lead is one of the 
few combinations of metals that do not alloy more or less readily. 
Lastly, copper against constantan makes a thermo-couple that gives a 
high thermo-electromotive force. 

Validity of the method employed for determining the lag through the 
protection tube, etc. — Since the validity of this whole paper depends 
on the condition that the temperature at the bottom of the two holes 
shall be the same at all times, numerous tests were made to see if this 
condition were fulfilled. To test this condition, a constantan wire was 
fused to the bottom of each hole in the block, and the two curves giv- 
ing the temperature at the bottom of each of the two holes were taken 
for various rates of cooling. These curves overlapped in nearly all 
cases, the variation scarcely ever being more than the width of the line. 
Curve 14, Plate 6, gives such a set of curves for rapid cooling. The 
curves show the temperature variation between the two junctions at its 
greatest. On this curve, one space on the time axis represents three 
seconds. 

It might be urged that a large portion of the lag recorded in all 
cases was due to lag through the lead film which surrounded the tube. 
Curve 13 (Plate 6), a curve resulting from an accident, offsets this argu- 
ment. Just after the cooling had started, the tube broke and allowed 
the lead to come in contact with the junction. This break occurred 
when the temperature of the block was only a little above the melting- 
point of the lead. After the experiment was over, the bead of the 
junction was found about half imbedded in the lead. The cooling here 
was rapid, having been caused by dipping the copper block in ice- water. 
The irregularities in the curve, and probably the breaking of the tube, 
were caused by the water boiling over on the top of the block. Despite 
this, however, the curves coincide throughout most of their length. 
This proves conclusively that there was little lag through the lead 
film. 

Furnace and cooling bath arrangement. — Figure 9 shows the 
arrangement for heating and cooling the copper block. Because of 
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the presence of the thermo-couples it was difficult to move the block 
from the furnace to the cooling bath. This difficulty was avoided by 
counterpoising the furnace and bath so that either could be brought 
to the block. The cooling bath was arranged to slide up and down, 
being guided in this movement by two vertical rods. The depth to 
which the block was submerged was regulated by fastening a clamp on 
one of the guiding rods. The furnace was counterpoised on an arm which 
could turn about a single guiding rod and thus be brought beneath 
the block. With this arrangement, the block could be transterred from 
the furnace to the bath as quickly as it could if the block were mov- 
able. The cold junction of both couples were kept at the temperature 
of melting ice by means of an ice-bath i, Figure 9. 

Variation in the rate of cooling. — Variation in the rate of cooling 
was provided as follows: For rapid cooling, the block of copper was 
surrounded by ice-water to within one centimeter of the top. For the 
next slower rate the block was dipped in warm water to a depth of one 
centimeter. The next slower rate was obtained by surrounding the 
block with oil. A still slower rate was given by setting the copper 
block on a block of iron that was surrounded by water. The next 
slower rate was given by allowing the block to cool in air. Finally, 
the slowest rate was obtained by allowing the block to cool in the 
furnace. The rate of cooling was thus varied from about half a minute 
to over two hours. 

Need for the research recorded in this paper became apparent to the 
author upon attempting to study the magnetic properties of some 
weakly magnetic alloys. The two difficulties which the paper dis- 
cusses were at once encountered, and had to be overcome before the 
work could proceed. These difficulties have been largely overcome, and 
the road now seems to be fairly clear to a large and much neglected 
field of research. 

Jefferson Physical Laboratory 
Cambridge, Mass. 
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